The proximity of Z + (4430) to the D * D 1 threshold suggests that it may be a D are studied as well, and the masses predicted in our model are in agreement with the predictions from potential model and QCD sum rule. We further apply our model to the DD * and DD * system.
I. INTRODUCTION
In the past years many new mesons have been discovered through B meson decays.
Recently the Belle Collaboration has reported a narrow peak in the π + ψ ′ invariant mass spectrum in B → Kπ ± ψ ′ with statistical significance greater than 7σ [1] . This structure is denoted as Z + There are already many theoretical investigations for the possible structures and the properties of Z + (4430) [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . Because it is very close to the threshold of D * D 1 (2420), and the width of Z + (4430) is approximately the same as that of D 1 (2420), it is suggested that Z + (4430) could be a D * D 1 (2420) molecular state [3, 4, 6, 11, 16] . Other interpretations such as tetraquark state [5, 8] or a cusp in the D * D 1 channel [14] are proposed as well. In Ref. [3] , we suggested how to distinguish the molecule and the tetraquark hypothesis, and Z + (4430) as a D * D 1 molecule was studied from the effective field theory. In Ref. [11, 16] , the authors investigated dynamically whether Z + (4430) could be a S-wave D * D 1 or D * D′ 1 molecular state by one-pion exchange and σ exchange.
In principle, nothing in QCD prevents the formation of nuclear-like bound states of mesons and speculation on the existence of such states dates back thirty years [19] . Törnqvist suggested that two open flavor heavy mesons can form deuteron-like states due to the strong π exchange interaction [20] , and the monopole form factor is introduced to regularize the interaction potential at short distance. In Ref. [21] , the author investigated the possible heavy flavor molecules base on long distance one pion exchange and short distance quark interchange model. However, the dynamics of hadronic molecule is still unclear so far. In this work, we will dynamically study Z + (4430) and analogous heavy flavor states Z + bb and Z ++ bc from quark model. We shall discuss the interaction between two hadrons at the quark level instead of at the hadron level. The effective interactions between quarks including the screened color-Coulomb, screened linear confinement and spin-spin interactions are employed to describe the interactions between the components of the interacting hadrons. This paper is organized as follows. In section II, the canonical coordinate system and the effective interactions are introduced. We The coordinate shown in Fig. 1 
As is shown in Eq.
(1), we can compactly represent the coordinate r ij in terms of r 13 , r 24
and r as follows
The parameters f A (ij) and f B (ij) are listed in Table I . In the above canonical coordinate, the Hamiltonian for this system, including the relative motion and the interaction between two mesons, is split into
where H 0 (A(13)) and H 0 (B(24)) are respectively the Hamiltonian for the two mesons A and B, which contains the kinetic term and all the interactions within each meson. µ AB is the
r is the kinetic energy operator of the relative motion. The interaction potential V I is the sum of two-body interaction between quarks in the mesons A and B,
The phenomenological interaction between a quark and an antiquark in a single meson ( e.g.
A and B ) is reasonably well known, it is described by the short distance one-gluon exchange interaction and the long distance phenomenological confinement interaction [22, 23] 
where α s is the strong coupling constant, b is the string tension, m i and m j are the masses of the interacting constituents. For an antiquark, the generator λ/2 is replaced by -λ T /2.
Since we mainly concentrate on the molecular states comprising two heavy flavor mesons in this work, and the molecule is generally weakly bound. Therefore the separation between the two mesons in the molecule is rather larger than the average radius of the individual meson, and the two mesons interact mainly through two gluons exchange processes [24, 25] , which results in the color van der Waals interaction. By comparing with the van der Waals interaction between electric dipoles in QED, the author in Ref. [26] introduced the effective charges for quarks and antiquarks to describe the color van der Waals interaction between two mesons. The effective charges for quark and antiquark respectively are C q =
and Cq = −
, here N c is the number of color with N c = 3 in QCD. It is remarkable that the effective charge correctly describes the interaction between quark and antiquark in an individual meson as well. The effective charge is also consistent with the Lattice QCD results, which found the nonperturbative potential between a quark and an antiquark in different representations is proportional to the eigenvalue of the quadratic Casimir operator [27] .
Different from the interactions between quarks in a single meson, as the interaction between the constituents in a molecule takes place at large distances, we are well advised to use a screened potential to represent the effects of dynamical quarks and gluon [28] . A simple way to incorporate the screening effect is to replace k 2 in the Fourier transformation of the interaction potential by k 2 + µ 2 [26, 29] , where µ is the screening mass. With the effective charge and the screening effect in mind, in momentum space, the effective interaction potential V ef f ij (k) between two quarks in the mesons A and B is
The effective interaction in coordinate space V ef f ij (r ij ) is the Fourier transformation of
Therefore in coordinate space the effective interaction
In this work, we will use the above effective interaction V ef f ij (r ij ) to study the possible heavy flavor molecules dynamically. Comparing with Ref. [26] , we have introduced the spin-spin interaction in addition to the screened color-Coulomb and the screened linear confinement interactions. In the light quark hadrons, the spin-spin hyperfine interaction makes the dominant contribution to the hadron-hadron interactions [30] . Whereas, for the heavy flavor mesons, the hyperfine interaction contribution is smaller due to the large heavy quark mass [31, 32] . Therefore we expect that the contribution of spin-spin interaction should be smaller than those of the screened color-Coulomb and screened linear confinement interactions. However, the spin-spin hyperfine interaction may play an important role when we study the dynamics of molecular state, since the binding energy of molecular state is usually rather small. On the other hand, if we neglect the spin-spin interaction, the static properties of the molecule, such as the binding energy and the root of mean square radius (rms) etc., would be independent of the spin of the molecular state, which contradict with the experimental observations for deuteron.
As a result of the residual interaction V I between two mesons, at short distance the mesons may excite as they interact, and they could be virtually whatever the dynamics requires. This means that we need to consider the state mixing effect. It has been shown that the state mixing effect plays an important role in obtaining the phenomenologically required potential, when we study the nucleon-nucleon and nucleon-antinucleon interactions from the chiral soliton model [33, 34] . The eigenvalue equation for the system is (H − E)|Ψ = 0 (10) where E and |Ψ are respectively the eigenvalue and the corresponding eigenfunction. If there is no residual interactions V I between A and B, the eigenfunction of the total system would simply be the product of A meson's wavefunction and B meson's. Consequently it is natural to expand the eigenfunction |Ψ in terms of the model wavefunctions
where ψ(r) α is the relative wavefunction between the mesons A and B, and |Φ α (A, B) = 
Where It is important to notice that all the transitions represented by the right hand of Eq. (12) contribute coherently.
Schrödinger equation Eq. (12) is reduced to the single channel Schrödinger equation
where
Eq. (13) and Eq. (14) are exactly the results of the second order perturbation theory to deal with the state mixing effect, and this simplification is widely used [26, 33, 34] . However, if (12), in practice we only need to concentrate on the nearly degenerate channels, which is a good approximation.
III. EVALUATION OF THE MATRIX ELEMENT
For a system consisting of two mesons A and B with total angular momentum J and the third component J z , its wavefunction is written as
whereŜ = √ 2S + 1, χ is the spin wavefunction, and ψ represents the spatial wavefunction.
S A , L A and J A denote respectively the spin, the orbital angular momentum and the total angular momentum of meson A with similar notations for the meson B. From Eq. (5) and
Eq. (9), it is obvious that each term of V I can be factorized into the spatial and spin relevant part, consequently the interaction potential V I can be re-written as
where the superscript (k) represents respectively the screened color Coulomb, screened linear, and spin-spin interactions for k =1, 2, 3. Concretely, V
r (r ij ) can be read from Eq.(9) straightforwardly. Therefore the matrix element V Iαα ′ (r) is the sum of twelve terms, and each term is of the form
It is obvious that both the spatial matrix element (
S,Sz are needed. Firstly we consider the spatial matrix element
In this work, the spatial wavefunctions are taken as the simple harmonic oscillator wavefunctions, which is a widely used approximation in the quark model calculations. The integral in Eq.(19) can be evaluated analytically in coordinate space following the procedures in Ref. [35] . On the other hand this integration can be performed in momentum space as well, then the calculation will be greatly simplified [26, 32] ,
Note that V (k) (p) can be read from Eq. (7) directly. For the given quantum numbers L A , L Az etc, the above integral can be straightforwardly calculated although it is somewhat lengthy, and the matrix elements involved in our calculation are listed in the Appendix.
Next we turn to the spin matrix element ( . We would like to recouple the constituents so that the spin operator V (k) s (k =1,2,3) matrix elements can be easily calculated. We have
It is obvious that the matrix element of V
The matrix element of V (3) s = s i · s j can be derived straightforwardly by using the recoupling formula Eq. (22) . For (i, j) = (1, 2) or (3, 4) , the matrix element is given by
For (i, j) = (1, 4) or (3, 2), the matrix element of V Ref. [26] the screening mass µ is taken to be 0.28 GeV, which was found to be consistent with the string breaking mechanism and meanwhile give a good description of the charmonium masses [37] . The uncertainty of screening parameter µ would be considered in the following.
Moreover, we use a running coupling constant α s (Q 2 ), which is given by 
Little is known about the mixing angle θ at present. In the heavy quark limit, the mixing angle is predicted to be −54. 
V. APPLICATION TO OTHER HEAVY FLAVOR SYSTEMS
In this section, we shall apply our model to 1 ++ DD * system, the heavy flavor systems obtained by replacing the charm quark/antiquark in Z + (4430) with bottom quark/antiquark and DD * system respectively. Possible molecular states and their static properties are studied in detail. The narrow charmoniumlike state X(3872) was discovered by the Belle collaboration in the decay B + → K + + X(3872) followed by X(3872) → J/ψπ + π − with a statistical significance of 10.3 σ [43] . The existence of X(3872) has been confirmed by CDF [44] , D0 [45] and Babar collaboration [46] . the CDF collaboration measured the X(3872) mass to be molecule seems to be disfavored in our model. However, it is remarkable that unexpectedly large branch ratio of X(3872) → ψ(2S)γ recently was reported [55] , which indicates the mixing between the molecular state and the conventional charmonium state should be taken into account. This mixing effect may enhance the binding of the molecular component, this subject is so subtle that it is outside the scope of the present work. 2 . While the second state with J P = 0 − is loosely bound, and it disappear for µ = 0.33 GeV. The masses predicted from potential model [7] and QCD sum rule [10] The numerical results for the lowest states are given in Table V . Similar pattern has been found for the second bound state solution if it exists. The mass predicted in Ref. [7] from potential model is shown as well, it is in agreement with our results within the theoretical errors. We plot the eigenstate wavefunctions in Fig. 6 . This state is difficult to be produced, since both charm quark and bottom quark have to be produced simultaneously. (5) and Eq. (9), which is governed by the spin-spin interaction. In the heavy quark limit, the effective potentials are induced by the interactions between two light antiquarks, which is repulsive. The effective potentials for µ = 0.28 GeV are illustrated in Fig.   4 , it is obvious that the diagonal components of the effective potentials are really repulsive, and the off-diagonal potential is smaller than the diagonal components. Numerically solving the two channel coupled Schrödinger equation, we don't find bound state solutions. The attractive interaction is so weak that DD * bound states don't exist. The same conclusion has been reached from the one boson exchange model [54] . 
VI. SUMMARY AND DISCUSSIONS
We have dynamically studied Z + (4430) and analogous heavy flavor states in quark model.
The proximity of Z + (4430) to the D * D 1 threshold strongly suggests that it may be a molecular state. For a loosely bound molecule, the interaction between the constituents of the interacting hadrons occurs at a relatively large separation. As a consequence, the interaction will be subject to screening due to the production of dynamical quark and gluon. The effective charge turns out to properly describe the interactions between the constituents of the two hadrons at large distance, which is incorporated in this work. Because the spinspin interaction is known to be important in the non-relativistic quark models, we have included the spin-spin interaction in addition to the screened color-Coulomb and screened linear confinement interactions in our model. 
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